Ordered structures of Au3Cd with a double hexagonal stacking sequence (4H) have been investigated by 1 MV electron microscopy in combination with many-beam dynamical calculations. One-and two-dimensional long-period superstructures (LPS) were observed at atomic level by high-resolution images with [001] incidence. The two-dimensional LPS was determined to be isomorphic with the Au77Mg23 structure. Twodimensional LPS with stacking sequences 6H and 9R were also found in the composition range 24-31 at.?/o Cd.
I. Introduction
It is known that various kinds of ordered structures appear in the Au-Cd alloys of 25-32 at. % Cd depending sensitively on concentration and thermal treatment. There exists a family of one-dimensional long-period superstructures (ld-LPS) at the concentration 25-30 at.% Cd (Hirabayashi, Hiraga, Yamaguchi & Ino, 1969) . One of the ld-LPS is the D023 (A13Zr) type near 25 at.% Cd which is characterized by the periodic outof-step configuration of the basic f.c.c, cells of the L12 (Cu3Au) structure. The others have the stacking sequences 4H, 6H and 9R of the close-packed planes, in which the out-of-step configurations are the same as those in the DO2a type. Further, two-dimensional longperiod superstructures (2d-LPS) with hexagonal close packing (2H) exist at the concentration 30-32 at. % Cd. These 2H structures have been studied by high-voltage, high-resolution electron microscopy (HVHREM) in part I .
In the present paper, we first study the 1 d -LPS with the stacking sequence 4H by HVHREM. In the course of this study, we found a new 2d-LPS with the same stacking sequence, determined directly by means of HVHREM and electron diffraction. High-resolution images of both LPS are compared with calculations based on many-beam dynamical theory in order to verify the ordered structures at atomic level. In addition, we report 2d-LPS with stacking sequences 6H and 9R which are found in the composition range between 24 and 31 at.~ Cd.
II. Experimental results
The specimen preparation and the image calculation were the same as in part I. High-resolution images were taken with the Tohoku University 1 MV electron microscope (JEM 1000). Electron diffraction patterns were taken with a 200 kV electron microscope (JEM 200 B) . Parameters used for the image calculation are listed in Table 1 .
(A) ld-LPS with stacking sequence 4H
This structure has an orthorhombic unit cell containing 48 Au and 16 Cd atoms, and the lattice constants are a = 4x/~ao, b = 2ao and c = 2Co, where ao = 2.9 A and Co = 4.8 A are the lattice constants of the basic h.c.p, cell ( Fig. 1) (Hirabayashi et al., 1969) . The indices refer to the basic h.c.p, lattice in this paper. The close-packed planes are stacked along the c axis in the sequence ABAC, and the atomic configuration in each plane is identical. The Cd atoms align in pairs along the a axis at the distance x/~ao = 5.0 ,~, and the out-of-step vectors of the paired Cd atoms occur at every distance of 2x//3ao . This structure was found in the Au-24.5 at.% Cd alloy annealed at 573 K. A high-resolution image with [001] incidence is shown in Fig. 2 , which exhibits a regular distribution of bright spots. The distance clarified that the bright spots correspond to the Cd atom positions marked with double circles in the model of Fig. 1 , which locate in the two close-packed planes (A) of Z =0 and 0.5 in the 4H sequence (ABAC). Thus, the ld-LPS with stacking sequence 4H is verified by the HVHREM at atomic level. The imaging conditions for exhibiting the one-to-one correspondence between the calculated and observed images of atomic positions will be discussed in part III . Another electron micrograph, of Fig. 3 , shows coexistence of three domains, A, B and C, of the ld-LPS where the a axis of the orthorhombic lattice is parallel to the equivalent directions [120], [210] and ['i 10] of the basic h.c.p, lattice, respectively. The c axis is commonly parallel to the incident beam. The orientation difference of each domain, 2rc/3, was confirmed by selected-area optical diffractograms. A complicated image in the region D is characterized by a hexagonal configuration of four bright spots which locate at the corners of a lozenge marked with white lines. This image is interpreted as being due to the superposition of two layered domains of the ld-LPS; selected-area optical diffractograms show a double folding distribution of the superlattice spots. This interpretation was proved by many-beam multislice calculations. The calculations were carried out on a model in which the two layered domains lie overlapping parallel to the specimen surface, and the a axes of the orthorhombic lattices are parallel to [210] and [120] directions. The configurations of specific Cd atoms in the two domains are schematically illustrated in Fig. 4(a) . A calculated image shown in Fig. 4 (b) agrees very well with the observed image of the region D in Fig. 3 . In the calculation, the thickness of both domains is assumed to be the same, being taken as 144 A. We can recognize that the bright spots at the corner of lozenges in the observed image correspond to the Cd atom positions which belong to both domains in the projection. The other Cd atoms lie on bright lines around the region D.
(B) 2d-LPS with stacking sequence 4H
This structure appeared when the Au-Cd alloys of 24-27 at. ~ Cd were quenched from 723 K after 2 h, and sometimes coexisted with the ld-LPS mentioned above. Electron diffraction patterns of the Au-26 at.~ Cd alloys are shown in Fig. 5 . A number of superlattice reflections seen in the pattern of [001] incidence ( Fig.  5a ) are distributed similarly to those of the 2d-LPS of 7ao-2H type reported in part I. The diffraction patterns of Fig. 5(b) , (c) and (d) correspond to the sections of reciprocal lattice including the c* axis and one of the lines A, B and C shown in Fig. 5(a) , respectively. The stacking sequence 4H (ABAC) is readily seen from Fig. 5(b) and (d) , in which the spots of 0,0,2n +½ (n = 0, + 1, + 2,...) are attributed to double reflections, because these spots are not seen in Fig. 5(c) . This structure is called the 9ao -4H structure hereafter, because the reciprocal-unit-cell period in Fig. 5(a) and Fig. 5(a) and (c). It is generally non-integral, and decreases from 8.7 to 8.2 with increasing Cd concentration as plotted in Fig. 6 . The incommensurate periodicity will be discussed later. The 9ao -4H structure with commensurate period M = 9 is identified as being isomorphic with the structure of AuvvMg23 which belongs to space group P6a/mcm (Burkhardt, Schubert, Toth & Sato, 1968 ). The unit cell has the lattice constants a=3w/3a o and c=2co, containing 82 Au and 26 Cd atoms (24.1 at.~ Cd). Fig. 7 shows the atomic arrangement projected on the (001) plane. The close-packed planes (A) at Z=0 and 0.5 contain 20 Au and 7 Cd atoms, and the planes at Z = 0.25 (B) and 0.75 (C) contain 21 Au and 6 Cd atoms. No Cd atoms are in the nearest-neighbor positions in each plane. The kinematical diffraction intensities were calculated for the commensurate 9ao-4H structure, and compared with the observation. The calculated intensity distribution in reciprocal space is schematically drawn in Fig. 8, and is consistent with the observed diffraction patterns of Fig. 5 .
An electron micrograph of the Au-26 at.~ Cd alloy with [001] incidence is shown in Fig. 9(a) . An image calculated for the commensurate 9ao-4H structure shown in Fig. 9(b calculated image inserted in Fig. 10 . These results prove the atomic arrangement in the 9ao-4H structure determined by the electron diffraction. In part I, the incommensurate periodicity of the 2d -LPS of 7ao-2H type has been interpreted with a model composed of domains of the commensurate 7ao -2H structure. A similar interpretation is applicable to the incommensurate periodicity of the 2d-LPS of 9ao -4H type. The observed image (Fig. 10) of the 26 at.~ Cd alloy which has the period M = 8.4 is composed of domains of the 9ao-4H structure. Each domain is separated by antiphase boundaries (APB) parallel to the three principal directions. As indicated by dotted lines, rectangular cells with the dimensions a = 7ao and b = 3x/~ao align in the APB; a corresponds to the width of the APB, and b coincides with the lattice constant a of the 9ao-4H structure. The situation is quite similar to the case of the 2d-LPS of 7ao-2H type, but in that (a) [o o] [ioo] (a) Calculated image for the 9ao-4H structure. One unit cell of this structure is marked with a lozenge. case the width of APB corresponds to b. From a parallel model, a relation between the period M and the volume fraction V of the domains of 9ao-4H structure is obtained as shown in Fig. 11 ; the period M decreases from 9 with decreasing V. This relation is given by
where the part in the square brackets follows Gauss's notation, and n is an integer. In the model, we assumed for simplicity that the domains have a hexagonal shape with the edge length (9n + 7)ao, although the observed domains of Fig. 10 have rather irregular shape. The experimental value V plotted in Fig. 11 is estimated from the observed micrograph of the 26 at.~ Cd alloy (M = 8.4), which agrees well with the calculation.
(C) 2d-LPS with 6H and 9R stacking sequences
The diffuse streaks along the c* axis are seen in the diffraction pattern of Fig. 5(b) . This fact suggests that the 2d-LPS of9ao -4H structure contains more or less the stacking variants of close-packed planes. In fact, the 2d-LPS having the stacking sequences 6H and 9R were found at compositions near 25 and 30 at.~ Cd, respectively. The electron diffraction patterns of Figs. 12 and 13, which correspond to the same sections of reciprocal lattice as those of Fig. 5 , are interpreted well with kinematical intensities calculated for the 2d-LPS of stacking sequences 6H and 9R, respectively. The atomic arrangements in the close-packed planes are assumed to be the same as those in the 9ao-4H structure (Fig. 7) uniquely ABCBCACAB or (21)3 in Zhdanov symbols, but that of 6H is either ABCACB, 3-3, or ABABAC, 2i12 (Patterson & Kasper, 1959) . The diffraction patterns of Fig. 12 agree well with the calculation for the sequence ABCACB. The LPS of 6H and 9R are inadequate for the observation by HVHREM with [001] incidence, because of the long periodicity and irregularity of the stacking sequences of close-packed planes.
IV. Conclusion
In the study of AuaCd, the ld-and 2d-LPS with stacking sequence 4H (ABAC) are revealed at atomic level by HVHREM in combination with many-beam dynamical calculations. In the ld-LPS, the Cd atom positions in the close-packed planes A are seen as bright dots in the observed images with [001] incidence. The observed distribution of bright dots is very regular exhibiting the periodic configuration of out-of-step vectors. The ld-LPS consisting of domains with equivalent orientations of the out-of-step vectors is observed. With the aid of the multislice calculation, the complicated images can be attributed to the superpositions of layered domains lying parallel to the closepacked plane. The 2d-LPS with stacking sequence 4H has generally the incommensurate period M=8.2-8.7, which increases with decreasing Cd content. The commensurate 9ao-4H structure of M=9 is isomorphic with Au77M2a. The 2d-LPS with the Fig. 12 . Electron diffraction patterns of Au-24.5 at.% Cd alloy having Fig. 13 . Electron diffraction patterns of Au-31 at.~ Cd alloy having the 2d-LPS with stacking sequence 6H. the 2d-LPS with stacking sequence 9R.
incommensurate period is composed of domains of the commensurate 9ao-4H structure separated by the APB with the width of 7ao. The incommensurate period is discussed in connection with the volume fraction of the 9ao-4H domains estimated from the observed images.
